Introduction
Considerable attention has lately been focused on binuclear organometallic compounds, based on expectations that their reactivity in synthesis and catalysis may differ significantly from that of analogous mononuclear species)!] Interactions between closely adjacent metal centers might cause increased reaction rates or transformations not occurring with monometallic species, as was recently shown for copolymerization of styrene and ethene by binuclear titanocene complexes)2] The distance between two metal centers and their orientation to each other can be important for catalytic performance, as had been noted for binuclear rhodium hydroformylation catalysts l3 ] and for palladium complexes that catalyze hydration reactions.!4] Additional oxidation states might also be accessible in binuclear complexes as a result of stabilizing metal-metal interactions) 5] Late transition metal complexes with nitrogen-based ligands have found a wide range of applications in homogeneous catalysis including polymerization of olefins or acrylates as well as hydrogenation reactions)6] Pyridylimine-Pd II chelates as dendrimeric complexes and binuclear Pd II complexes with long aliphatic spacers have recently been de- [ scribed as effective catalyst precursors for Heck coupling [7] and for ethene polymerization, [8] respectively, as well as with shorter chiral spacers to produce optically active polyketones.!'] Palladium complexes with chiral bidentate bis-(oxazoline) ligands have been shown to be efficient in asymmetric allylic alkylation,IIO] while biaryl Schiff base Cu complexes catalyze the aziridination of alkenespl] With a structurally rigid 6,6' -disubstituted biaryl ligand backbone, the configuration of the ligand is fixed and its axial chirality can efficiently be transmitted to the stereotopicity of the active site.!'2] Biphenyl-bridged ligands form, in general, mononuclear complexes, [13] but binuclear complexes, e. g. with CUll, have also been reported)14] Tetradentate N 4 , N 2 0 2 and N 2 P 2 ligands are known to form both mono-and binuclear Pd II complexes, [15, 16, 17] but only few of these have chiral biaryl backbonesP6a,17c]
Since cationic Pd II complexes bearing diimine ligands with bulky substituents have been discovered to catalyze copolymerizations of a-olefins with functional vinyl monomers, [18] significant amounts of research have been aimed at tuning the electronic and steric properties of these ligands. Bulky aryls disfavor associative displacement and chain transfer reactions by steric protection of the electrophilic metal center; ligands with labile donor atoms like oxygen or sulfur in their side arms might likewise hinder ~-H elimination by temporarily occupying a vacant site on the metal center)!9] Interesting featuresmight thus be expected for C r symmetric Pd II diimine complexes with side-arm donors bridged by a chiralligand backbone.
In previous contributions, we have studied complexes of tetradentate 6,6' -dimethylbianiline-based ligands with metals such as Zr, Fe, Co or Cr in regard to their structures and catalytic activities. [20] In this work, we extend these studies to mono-and bimetallic Pd II complexes bearing chiral diimino ligands with a biphenyl backbone.
Results and Discussion
Ligands 1, 2 and 3 were prepared, as described earlier, [20] by imine condensation of N,N' -(6,6' -dimethylbiphenyl-2,2'-diyl)diamine with the required aldehydes. Reaction of N,N'-(6,6' -dimethylbiphenyl-2,2' -diyl) bis(2-pyridylmethyl)di -imine (1) with one equivalent of Pd(COD)C1 2 at 0 °C gave 1-PdC1 2 , which precipitated from the reaction mixture in almost quantitative yield [Equation (1) ]. When the reaction was repeated in an NMR tube, starting at 0 °C and continuing at room temperature, the rate of the reaction was found to be quite fast; 95% of the Pd(COD)C1 2 was consumed after 30 minutes. Ligand 2 likewise reacted readily with Pd(COD)C1 2 under similar reaction conditions, but 2-PdC1 2 was isolated with lower yield due to its higher solubility. A single-crystal X-ray structure analysis of 1-PdC1 2 confirms an approximately square-planar coordination of the PdIIcis-dichloro unit to one of the pyridylimine moieties of ligand 1 (Figure 1) , which thus forms a five-membered pyridylimine chelate, with Pd-N and Pd-Cl distances (Table 1) close to values reported for similar complexes. Figure 1 ).
80.38 (12 175 .56 (9) 95.26 (9) 93.28 (9) 173.61 (9) 91.06 (4) Pd-coordinated and an uncoordinated ligand moiety, for the methyl groups at the biphenyl bridge (1.96 and 2.05 ppm), for the methyl groups in 6-position of each pyridyl ring (2.47 and 2.80 ppm) and for the imine protons (8.21 and 8.69 ppm).
With ligand 3, where the side-arm pyridyl groups are replaced by furyl rings, a significantly longer reaction time (20 h) was required for complex formation with Pd(COD)-C1 2 [Equation (2)]. As shown by the crystal structure of 3-PdC1 2 ( Figure 2 , Table 2 ), ligand 3 is bound in a bidentate manner again. Here, however, the two imino nitro gens form a seven-membered chelate with the cis-dichloro Pd unit to give an approximately square-planar and Crsymmetric geometry. Due to the dihedral angle of 67° between the phenyl rings of the biphenyl bridge, the ligand plane at the Pd center is somewhat distorted, with an angle of 5.9(2)° spanned by the planes Cll-Pd-Nl and C12-Pd-N2. The furyl oxygen atoms are located at non-bonding distances of 5.0 and 5.1 A from the Pd center, from which the side arms are pointing away. [22] The preference of the Pd center for N over o ligand atoms obviously overrides its preference for fivemembered over seven-membered chelate rings to such an extent that a Crsymmetric geometry becomes favored for 3-PdC1 2 over the C1-symmetric structures of I-PdC1 2 and 2-PdC1 2 . Figure 2 . Crystal structure of 3-PdCI l (ORTEP plot, thermal ellipsoids drawn at 50% probability, H atoms and CHlCI l solvent molecule omitted for clarity). Table 2 . Selected bond lengths (A) and angles [0] for 3-PdCIl·CHlCI l (c.f. Figure 2) .
90.51 (4) CDC1 3 solutions of 3-PdC1 2 give IH NMR spectra in agreement with an apparent C 2 symmetry, with a singlet at b = 1.88 ppm due to the two methyl groups in the biphenyl backbone, another singlet at b = 2.18 ppm due to the methyl groups at the furyl rings, and a singlet at b = 8.32 ppm assigned to the imine protons. These signals are accompanied, however, by a set of smaller signals located slightly up-field, at b = 1.82, 2.12 and 8.29 ppm, which integrate to ratios of ca. 1:1 0 relative to the respective main peaks. The 0 bservation of this additional signal set in solutions of 3-PdC1 2 would indicate that some minor isomer is present, in addition to the structure represented in Figure 2 . From our data it is not clear, which alternative geometry prevails in this isomer, whether (and how) e. g. furyl oxygen atoms might be coordinated to the Pd II center. [19] 2 Pd(COD)CI 2
In I-PdC1 2 one halve of ligand 1 remains available for further coordination and provides a possibility for the preparation of bimetallic complexes. The dipalladium complex 1-(PdC1 2 h was indeed isolated in 97% yield when ligand 1 was treated with two equivalents of Pd(COD)C1 2 at room temperature [Equation (3) [24] Apparently a similarly favorable situation for a close PdII···Pd II contact is created by the preference of the biaryl bridge for a twist angle of ca. 70°. In addition, some attractive interaction between Pd-Cl dipoles might contribute to keep the Pd centers at a distance close to the sum of their van-der-Waals radii. In the IH NMR spectra of 1-(PdC1 2 h in [D 6 ]DMSO solution, the methyl groups at the biphenyl bridge give rise to a sharp signal at b = 2.02 ppm and a broader one at b = 2.12 ppm, each corresponding to 3 protons; the 6-posi- Table 3 . Selected bond lengths (A) and angles n for 1-(PdCI 2 )2· 2CH 2 CI 2 (c.f. Figure 3) . ( 4) 2.034(6) 2.048(6) 2.292(2) 2.2930 (19) 2.044(6) 2.056(6) 2.300(2) 2.281(2) (8) tioned protons of the pyridyl rings likewise appear as two doublets at 8.83 and at b = 9.04 ppm representing one proton each and the other aromatic and imine signals are also grouped in a manner incompatible with a Crsymmetric complex. These observations can be explained either by the occurrence of two diastereomers, e.g. meso-and rae-like conformers of the two complex moieties, in a ratio of ca. 1: 1 or by some nonequivalence of the two complex moieties in solution, caused e.g. by co-ordination of a solvent molecule to one of the Pd centers. Our data do not allow us to estimate the lifetimes of isomers of this kind.
The eis-PdC1 2 unit considered so far obviously favors formation of a five-membered pyridyl-imine chelate over that of a seven-membered diimine chelate; complexes such as I-PdC1 2 or 2-PdC1 2 are thus of C 1 symmetry. In order to synthesize complexes which fully exploit the axialsymmetry inherent in the biaryl backbone to generate Crsymmetric complexes suitable for asymmetric catalysis, [25] we have sought to induce tetradentate coordination of ligands 1 and 2 with formation of cationic complexes by use of the more electron-deficient Pd precursor [Pd(NCCH 3 )4f+ (BF 4-h [Equation (4)]. (Table 4) in the range reported for other Pd-imino complexes. [15] [16] [17] Due to the dihedral angle of 71° in the 2,2' -dimethyl-substituted biphenyl backbone, the squareplanar coordination at the Pd atom shows some tetrahedral distortion, so that the planes Nl-Pd-N2 and N3-Pd-N4 span an angle of 12.9(5)°. [26] 1 H NMR spectra in CD 3 CN solution indicate, again, some deviations of the cation [l-Pdf+ from the approximate C 2 symmetry found in the solid state. The 6,6' -positioned methyl groups of the ligand backbone give rise to a multiplet with two maxima at b = 1.72 and 1.76 ppm, and the aromatic protons are likewise grouped in multiplets which do not appear to be compatible with an overall C 2 symmetry. Even though we do not have any direct evidence in this regard, we would assume that the equivalence of both halves of the complex molecule might be destroyed, as in the cases discussed above, by coordination of a solvent molecule.
In order to test whether a tetradentate coordination similar to that achieved for ligand 1 might also be accessible for the furyl-substituted ligand 3, [27] •
In the crystal structure of [3-Pd(NCCH 3 h]2+ (BF 4-h ( Figure 5 , Table 5 ), square-planar coordination at the cationic Pd center is found to involve two cis-positioned acetonitrile ligands and the two imino nitrogen atoms of ligand 3; as in 3-PdC1 2 , the ligand 3 forms again a seven-membered chelate ring with the Pd center. In distinction to 3-PdC1 2 , however, where the furyl oxygen atoms point away from the Pd center, they are now turned towards the latter and lie rather close to it, in pseudo-axial positions at Pd-O distances of 3.0(1) A. Some (presumably weak) coordination or dipolar attraction of the furyl oxygen atoms to the Pd II center thus appears to be stabilized by the cationic nature of the meta1. [27, 28] 174.21 (8) The IH NMR spectrum of [3-Pd(NCCH 3 )2F+ is entirely in agreement with the overall C 2 symmetry expected from its solid-state structure. Its NCCH 3 ligands and its biphenyl and furyl methyl substituents give rise to only one singlet signal each, at b = 2.08, 2.20 and 2.63 ppm, respectively.
Apparently, the binding of the furyl groups to the cationic Pd II center, however weak, protects the latter from interaction with a solvent donor, which might otherwise destroy the overall C 2 symmetry of the complex molecule in solution.
Since two nitrogen ligand atoms are sufficient for the formation of a cationic di-acetonitrile complex, ligand 1 was also treated with two equivalents of [Pd(NCCH 3 )4](BF 4 h to prepare the binuclear cationic complex l-([Pd-(NCCH 3 hF+hCBF 4-)4 [Equation (6)]. The reaction yielded an oily product, the elemental analysis and IH NMR spectra of which indicated formation of the expected complex. As no crystals suitable for X-ray diffraction were obtained, it was not possible to study the effect of the increased charges on the mutual arrangement of the metal centers in this binuclear complex. (6) Preliminary data concerning catalytic actlVltles of the new Pd II complexes described above were obtained with regard to polymerization of norbornene at room temperature. [29] When activated by addition of methylaluminoxane (MAO), the dichloro complexes 1-PdC1 2 , 2-PdC1 2 and 3-PdC1 2 gave polymers which were insoluble in organic solvents such as trichlorobenzene even at elevated temperatures. The cationic complex [3-Pd(NCCH 3 h]2+ (BF 4 -h gave, without activation by MAO, [29] polymers with good solubility, e.g. in toluene or chloroform, in moderate yield. For these polynorbornenes, a molar mass of 33800 g/mol and a polydispersity index of 1.26 were determined. Complex [1-PdF+ (BF 4 -h, in which the Pd center is bound to all four N atoms of the tetradentate ligand, was found to be inactive for polymerization of norbornene at room temperature. 
Conclnsions
Axially symmetric, biphenyl-bridged diimino ligands with additional pyridyl or furyl side arms are highly versatile with respect to Pd II complex formation. Depending on the Pd precursors and the reaction conditions used, mononuc1ear-bidentate complexes of C 1 or C 2 symmetry, as well as binuclear and mononuc1ear-tetradentale Pd II complexes can be obtained in a controlled manner and with high yields. Preliminary observations indicate distinctly different properties of cationic species derived from them as norbornene polymerization catalysts.
Experimental Section
All complex preparation and polymerization reactions were performed under argon atmosphere using standard Schlenk techniques. N,N' -(6,6
1 -Dimethylbiphenyl-2,2 1 -diyl)diaminepl] the ligands 1_3 [20] and dichloro(1,5-cyclooctadiene )palladium(II) [Pd(COD)Cb], [32] were prepared as reported earlier. Solvents were dried prior to use by refluxing over and distillation from sodium (hydrocarbons), magnesium (alcohols), P 2 0 S (acetonitrile) or calcium hydride (dichloromethane). Deuterated solvents were dried over 4-A molecular sieves. All other chemicals were purchased from commercial suppliers and used without further purification. Elemental analyses were performed with an EA 1110 CHNS-O CE instrument. NMR spectra were collected with a Varian Gemini 200 spectrometer. Polymer molar mass and molar mass distributions were measured by gel permeation chromatography (GPC) relative to polystyrene standards. for 20 h. Diethyl ether (20 mL) was added to reaction mixture, which was then filtered and kept at -20°C. The product was collected as orange crystals by filtration after 24 h. action solution with diethyl ether at ambient temperature. Crystals of 3-PdCh were obtained at 4°C; at room temperature, 3-PdCh gave crystals with a different unit cell. Crystals selected for X-ray measurements were mounted on a glass fiber using the oil-drop method. Data were collected on a Nonius-Kappa CCD diffractometer using Mo-Ka radiation (71.073 pm) and a graphite monochromator. Structures were solved by direct methods. All non-hydrogen atoms were refined anisotropicallyP3] Hydrogen atoms were introduced at calculated positions and refined with fixed geometry with respect to their carrier atoms. Cell parameters and data collection parameters are summarized in 
